This study investigates two types of covered piglet creep boxes in a naturally ventilated swine farrowing building with regards to air quality (ammonia and carbon dioxide levels), piglet usage of the box, and piglet health and performance. The covered creep boxes featured either double plastic curtains along the entire width of the box (designated as the DC box) or an arc-shaped access opening occupying about one-third of the box width (designated as the AO box). The study was conducted with 12 farrowing crates, six per box regimen, during wintertime. Continuous, 24-h video observations of the piglet behaviors were made at days 2, 9, and 16 of post-parturition. Ammonia and CO2 concentrations inside the creep boxes were measured using portable electronic sensors. The results showed that the interior NH3 levels tended to be lower for the DC type than for the AO type, although the magnitude was quite low in both cases (averaging 4 to 6 ppm). No significant difference was found in the interior CO2 concentrations between the two box types. Pre-weaning piglet culling rate (mean±S.D.) was 2.5±0.08% and 11.3±1.17% for the DC and AO litters, respectively (p < 0.001). Although there was no significant treatment effect (p = 0.26), piglet diarrhea morbidity was numerically lower for the DC litters (0.80±0.03%) than for the AO litters (1.29±0.12%). At 21-d weaning age, the DC litters showed heavier body weight (6.18±0.23 kg) than the AO litters (5.69±0.18 kg) (p < 0.05).
the swine industry. Amongst the causes of live-born piglet death, crushing by the sow is most prevalent that occurs within 72 h after birth. Sows have the same maternal instinct to care for offspring as their ancestor (Gustafsson et al., 1999; Grandinson et al., 2003) , but individual differences in maternity cause different crushing mortality for different sows. Research efforts to lower sow risky behaviors related to piglet crushing by using different farrowing systems have been reported (Cronin et al., 1998; Andersen et al., 2005 and Johnson et al., 2007; Pokorná et al., 2008) , but pre-weaning crushing mortality remains a challenge.
Due to the strong attraction of sow scent and milk odor (Parfet and Gonyou, 1991) , neonatal piglets have an instinct to lie near the udders of the sow in their early life for warmth or milk, especially for piglets with low birth weight or low weight gains, but with more non-nutritive massage (no milk ejection in non-suckling episode) (Torrey and Widowski, 2007) . The close proximity of the piglets to the sow subjects them to crushing risk (Weary et al., 1996) . Therefore, drawing piglets away from sow to lie or rest in a locally heated creep area between suckling intervals by some attractive materials is a strategy to lower pre-weaning crushing mortality. Lay et al. (1999) found the use of a heat lamp and a simulated warm udder made of soft materials with sow odor together could more effectively draw piglets to a safe area soon after farrowing than a heat lamp alone.
High levels of atmospheric ammonia (NH 3 ) or carbon dioxide (CO 2 ) can be detrimental to animal health. Due to reduced ventilation for thermal comfort and energy conservation, gaseous concentrations inside farrowing/ lactation rooms with natural ventilation are typically higher in winter as compared to other seasons. A covered creep box S with access opening (lack of a door) and supplemental heat lamp can reduce heat loss and offer comfortable thermal environment to piglets (Daolei et al., 2003) . However, the NH 3 and CO 2 levels inside creep boxes may be higher than those in the farrowing/lactatoin room, which may negatively affect the piglet health. Moreover, covered creep boxes with curtains have been adopted by German Nürtinger pig production systems for many years, although information regarding the interior air quality (NH 3 and CO 2 levels) and usage of the creep box by pre-weaning piglets has been limited thus far.
It was hypothesized that covered creep boxes with double curtains (DC) would have an improved inside air quality due to better air exchange, and more piglets could simultaneously extend their snouts through the creep opening area to breathe cool and fresh air while the rest of the body remain inside the box for thermal comfort, as compared to covered creep boxes with a partial access openings (AO). Therefore, the objective of this comparative study was to delineate air quality (NH 3 and CO 2 levels) inside the boxes, box usage by piglets, and piglet production performance for the two types of covered creep boxes in a naturally ventilated swine farrowing/ lactation room in winter: one type featuring a double-curtain (DC) entrance along the full width of the box and the other featuring an arc-shaped access opening (AO) that occupies about one-third of the box width.
MATERIAL AND METHODS

COVERED CREEP BOXES
Twelve covered creep boxes (with a quadrilateral prism lid) used in this study were made of 5-mm thick polystyrene panels. Each box body had the dimensions of 0. fig. 1) . Therefore, the total height of the creep box was 0.7 m (27.6 in.), allowing adjustment of the heat lamp height according to the piglet age. Incidentally the heat lamp was mounted at 50, 55, or 60 cm (19.7, 21.7, or 23.6 in.) (fig. 1B) . The PVC curtains were sheared vertically in 10-cm (3.9-in.) strips, and overlapping each other [by 5 cm (2 in.)] to reduce heat loss from the box. The curtains had a 4-cm (1.6-in.) clearance from the floor, allowing the piglets to breathe cool and fresh air while resting in the box. Although the opening area of the DC boxes was smaller than that of the AO box, the piglets were able to extend their snouts through the clearance to breathe fresher air of the farrowing room. This feature would reduce the adverse impact of potential poor air quality inside the boxes on the piglets. Each pair of AO and DC boxes was located side by side in the farrowing/lactation pens to minimize the effect of spatial differences in microenvironments (temperature and air velocity) on the comparability between the AO and DC boxes.
ANIMALS, HOUSING, AND MANAGEMENT
The comparative study was carried out on a commercial swine breeder farm during winter in southwest China. There were 14 farrowing pens [each measuring 2.1 × 1.5 m (82.7 × 59.1 in.) with a centrally-positioned farrowing crate of 2.1 × 0.6 m (82.7 × 23.6 in.)] with totally slatted iron floor in the farrowing/lactation room. However the two farrowing pens near the building entrance door were not used in the study to eliminate the possible effect of local environmental fluctuation on the air quality measurement. Twelve (12) PIC grandparent sows were randomly assigned to the AO and DC regimens (six per regimen). Approximately one week before the expected farrowing dates, the sows were bathed with disinfectant and transferred from the gestation area to the disinfected farrowing pens. The farrowing room was naturally ventilated, and the thermal environment was controlled by opening or closing the windows (the door and windows were closed at night in winter). The average room temperature and relative humidity (RH) was 16.6±1.7°C (61.9±35.1°F) and 65±7%, respectively, during the study.
Each creep box was heated with a 275-W infrared heat lamp, and the height of the heat lamp was 50, 55, and 60 cm (19.7, 21.1, and 23.6 in.) above the floor during the first, second, and third week after birth, respectively (as per management practice of the farm). A soft linen mat was provided to piglets as bedding material in the creep box. The stained linen mat (by piglet urine or feces) was replaced on an as-need basis (typically once every 2 d) to improve the creep box hygiene and air quality. Sows were fed a standard dry concentrate ration (ME = 13.5 MJ/kg) twice daily at 08:30 h and 15:00 h, and had free access to drinking water. The number of piglets born alive per litter was 10.0±0.6 and 10.2±0.2 for the AO and DC litters, respectively. The number of piglets per litter was evened out by cross-fostering (i.e., moving some piglets in large litters to small litters). All piglets were injected with iron preparation and hog cholera vaccine on day 2 post-birth, and ear marked, tail docked, and castrated on day 7 post-birth. All the piglets were weaned at 21 days of age.
MEASUREMENT OF GASEOUS (NH 3 AND CO 2 ) LEVELS AND AIR VELOCITY
A portable anemometer [0-10 m/s (0-1968 ft/min) ±3% F.S] (Surveying Instrument Science & Technology Co., Ltd, Beijing, China) was used to measure air velocity in front of the box opening. Gaseous concentrations inside the boxes were measured at three points 15 cm above the creep floor along the midline of the length direction at 25-cm (9.8-in.) intervals ( fig. 2) , and these values were averaged for reporting. The gaseous concentrations measurements were taken at 21:00 h, 02:00 h, and 07:00 h for two consecutive days of early (days 4 and 5), mid (days 11 and 12), and late (days 17 and 18) stages of the lactating period. The measurement times were chosen to coincide with the time of the day when use of the boxes was expected to be high and suckling activities expected to be low. Gaseous concentrations of the farrowing room were measured at six representative locations [at 1.0 m (39.4 in.) above the floor]. A portable NH 3 monitor (0-200 ppm, 1-ppm sensitivity, ±2% F.S resolution) (TY-9500, Tianyue Environmental Protection Science & Technology Co., Ltd, Beijing, China) was used to measure NH 3 concentration after calibrated with zero air (N 2 ) and NH 3 span gas (50, 100, and 150 ppm). Concurrently, a portable CO 2 monitor (0-5000 ppm, 1-ppm sensitivity, ±2% F.S. resolution) (TY-9800A, Tianyue Environmental Protection Science & Technology Co., Ltd, Beijing, China) was used to measure CO 2 concentration after calibrated with zero air (N 2 ) and CO 2 span gas (1500, 3000, and 4500 ppm).
QUANTIFICATION OF PIGLET BOX USAGE BY BEHAVIORAL OBSERVATION
Due to observation difficulties, four out of the six litters per regimen were continuously observed with two cameras for 24 h at 2, 9, and 16 days of piglet age. The behavioral data were obtained from the recorded video using the Observer Video Pro 5.0 software (Noldus, Wageningen, The Netherlands). The box usage (BU, %) by a percentage of the litter (> half of the litter, i.e., (60%, 70%, 80%, 90%, or 100%) was calculated as the ratio of the cumulative %litter-h using the creep box to the total observation time (24 h), multiplied by 100%. The total box usage (TBU, %) by more than half of the litter for the day was calculated as the summation of the respective %litter-h utilizing the box, namely:
where i = level of % litter (60%, 70%, 80%, 90%, or 100%) using the creep box, i = 1, 2, 3, 4, 5 q i = fraction of daily time corresponding to the respective % litter using the creep box Twenty-four hours (24 h): the total observation time Concurrently, mat surface temperature was measured at five locations (fig 2) with an infrared (IR) non-contact thermometer [±0.2°C (±32.4°F) accuracy] (Raynger STTM 20 standard, Raytek Company, Beijing, China) at 21:00 h, 02:00 h and 07:00 h without turning off the heat lamp. Meanwhile, air temperature at five locations at 10 cm above each mat surface were measured (fig 2) with a temperature sensor [±0.3°C (±32.5°F) accuracy] (Thermo-Recorder RS-11, ESPEC MIC CORP, Japan) on the behavioral sampling days. Average temperatures were reported.
MEASUREMENT OF PIGLET HEALTH AND PERFORMANCE
Data on piglet performance parameters were included for 11 of the 12 litters because one DC sow had lameness after farrowing. Piglets were marked and weighed individually at birth, at 7, 14, and 21 (weaning) days of age. Culling rate was calculated as the ratio of number of culled piglets [body weight < 2.0 kg (4.4 lb) at 10 days of age] to the number of piglets born alive. All piglets were checked each morning to determine if there was sign of diarrhea. If piglet hip was stained by watery feces, the experimenter recorded it as one diarrhea episode. Diarrhea morbidity rate was calculated as the ratio of the total number of diarrhea episodes to the total number of piglet-days for the pre-weaning period. The sow and litter in a farrowing pen was regarded as one experimental unit. 
STATISTICAL ANALYSIS
Data analyses were performed using the statistical program SPSS (11.5). Due to the nature of the data, different analytical means were used in delineating the treatment effects. First, a linear model was used to estimate the effects of the creep boxes as fixed effect and the covariant litter size on birth weight, weight at 7, 14, and 21 days of age. Second, comparison of NH 3 or CO 2 concentrations inside the two types of creep boxes was analyzed by independent-samples t-test. Finally, a non-parametric Mann-Whitney U test was used to compare the usage of creep box, culling rate, and diarrhea morbidity between AO and DC litters.
RESULTS AND DISCUSSION
AMMONIA (NH 3 ) AND CARBON DIOXIDE (CO 2 ) LEVELS
Ammonia concentration of the farrowing room ranged from 2 to 4 ppm. Although air velocities in front of the opening for both types of creep boxes were similar [ranging from 0.04 to 0.06 m/s (8 to 12 ft/min)], significant differences in NH 3 concentration inside the creep boxes were found in most cases (table 1). The NH 3 concentration gradient between the creep box and the farrowing room tended to be lower for the DC style box (1 to 2 ppm) than for the AO style box (3 to 4 ppm). However, because of the low interior NH 3 concentrations for both box styles and the inherent uncertainty of the measurement instrument, the statistical significance had little practical meaning. There was no significant difference in CO 2 concentration between the AO (943 to 963 ppm) and DC style boxes (933 to 950 ppm). Piglets of the DC litters were observed to extend their snouts through the creep opening clearance to breathe cool and fresher air, which could have contributed to the slightly lower (though not significant) CO2 concentration inside the boxes. Although the box opening area was more than doubled for the AO style (0.09 vs. 0.04 m 2 ), the opening configuration and flexibility to allow piglets to extend their snouts outside ( fig. 3) seemed to have had an impact on the air exchange and inside air quality. Awad et al. (2008) found the height of air inlet affects the mixing of air flow and air distribution. As the height of inlet opening decreased, so did the differences in gaseous concentrations at different locations of a given height.
PIGLET USAGE OF THE CREEP BOXES
The mat surface temperature of creep boxes without piglets resting on the mat ranged from 24.7°C to 26.0°C (76.5°F to 78.8°F) during the period of video observations (table 2). No significant difference in the box thermal environment [as represented by mat surface and air temperature at 10 cm ( 3.9 in.) height above the creep mat] between the AO and DC boxes was found, implying that no difference in piglet box usage would have been caused by difference in the interior thermal environment. The box usage by 100% piglets during each 24-h observation at 9 and 16 days of age was higher for the DC style than for the AO style. However, usage of the AO boxes (49.9±3.9%) was higher than for DC boxes (44.5±3.7%) at 2 days of age, which could have been caused by some low birth weight piglets [< 0.90 kg (2 lb)] of the DC litters staying near the sow udder for a longer time (table 3). It seems that piglet birth weight or average daily gain (ADG) had an effect on the creep box usage during early lactation period. This outcome coincided with the result reported by Weary et al. (1996) who found that piglets with lower ADG spent more time in the risky area, i.e., near the sow. The box usage by different 
Time of Day
Creep Box Type [b] P value AO DC Box NH 3 concentration Piglet age: 4-5 d 21:00 6 ± 1(n = 6) 4 ± 0 (n = 6) <0.001 02:00 5 ± 1 (n = 6) 4 ± 0(n = 6) ns 07:00 5 ± 0 (n = 6) 4 ± 0(n = 6) <0.01
Room NH 3 concentration 2 ± 0 CO 2 concentration inside box 943 ± 24 933 ± 26 ns Room CO 2 concentration 857 ± 19
Box NH 3 concentration Piglet age: 11-12 d 21:00 6 ± 1 (n = 6) 4 ± 0 (n = 6) <0.001 02:00 5 ± 0 (n = 6) 4 ± 0(n = 6) <0.001 07:00 5 ± 0 (n = 6) 4 ± 0 (n = 6) ns 21:00 6 ± 0 (n = 6) 5 ± 0 (n = 6) <0.001 02:00 7 ± 2 (n = 6) 6 ± 0 (n = 6) <0.01 07:00 8 ± 1(n = 6) 6 ± 0 (n = 6) <0.01
Room NH 3 concentration 4 ± 0 CO 2 concentration inside box 963 ± 45 950 ± 35 ns Room CO 2 concentration 937 ± 30 [a] NH 3 concentration for different piglet age periods was 2-d average, with piglets lying inside the covered creep boxes when measuring the gaseous concentrations. [b] AO: piglet creep box with access opening; DC: piglet creep box with double curtains. Table 2 . Creep floor (0 cm) and air temperature (°C) at 10 cm height above the creep floor (Mean±S.E.). [a] Creep Box Style [b] Height Above Floor (cm) [a] No piglet was resting on the creep mat when mat surface temperature was measured. [b] AO: piglet creep box with access opening; DC: piglet creep box with double curtains (°F = °C × 1.8 + 32).
percentage of the litter is shown in table 3. During the remaining time, the piglets suckled or played in the farrowing pen. The box usage by 100% litter decreased rapidly from day 2 to day 16, regardless of AO or DC box type.
PIGLET PRODUCTION PERFORMANCE
The pre-weaning piglet culling rate was higher for AO (11.3±1.17%) than for DC (2.5±0.08%) litters (p<0.001). Piglet diarrhea morbidity was 1.29±0.12% and 0.80±0.03% for AO and DC litters, respectively (p = 0.26). No significant difference in piglet birth weight between AO and DC litters was found; however the DC litters showed heavier body weight than the AO litters at 7, 14, and 21 days of age (table 4). The DC piglets showed a higher average weight than for the AO piglets at 7, 14, and 21 days of age; and the diarrhea morbidity was higher in the AO litters than in the DC litters. The higher pre-weaning piglet diarrhea morbidity could adversely affect ADG (Johansen et al., 2004) . Rearing environment also has an effect on belly-nosing, oral-nasal and agonistic behaviors for pre-weaning piglets (Hötzel et al., 2004) . During the current experiment, piglet fighting in the covered creep boxes was observed by the author as opposed to by video because it was impossible to obtain overhead video images of the covered box interior. In a fighting situation, piglets in the DC regimen could escape out of the box with more ease, via the wide (double curtain) opening, as compared to piglets in the AO regimen.
CONCLUSIONS
This study demonstrates that a DC-style covered creep box for pre-weaning piglets, as compared to the covered creep box with a partial AO-style covered box, offers the following benefits to the piglets: S the same thermal conditions as the AO box; S reduced pre-weaning piglet culling rate and diarrhea morbidity; and S higher average daily weight gain.
It should be noted that because of the relatively small sample size (6 litters per box regimen), results from this study should be considered preliminary, and further verification of the results is warranted. Table 3 . The piglet box usage (BU, %) and total box usage (TBU, %) for access opening (AO) or double curtains (DC) based on continuous behavioral observations of each sampling day at 2, 9, and 16 days of age (n = 4) (Mean±S.E.). [a] % of Litter Day 2 [b] Day 9 Day 16 AO Box DC Box AO Box DC Box AO Box DC Box Table 4 . Live body weight (kg) of piglets at birth, 7, 14, and 21 days of age and average daily gain (ADG, g/d) (Mean±S.E.) (1 kg = 2.2 lb).
Creep Box Style [b] Piglet Age (d) [a] [a] Column values with different superscript letters for each age are significantly different (P < 0.05 for lower case letters; P < 0.01 for upper case letters). [b] AO: piglet creep box with access opening; DC: piglet creep box with double curtains.
